Increasing treatment intensity has improved outcomes for children with neuroblastoma. We performed a pilot study in the Children's Oncology Group to assess the feasibility and toxicity of a tandem myeloablative regimen without TBI supported by autologous CD34-selected peripheral blood stem cells. Forty-one patients with high-risk neuroblastoma were enrolled; eight patients did not receive any myeloablative consolidation procedure and seven received only one. Two patients out of 41 (4.9%) experienced transplant-related mortality. CD34 selection was discontinued after subjects were enrolled due to serious viral illness. From the time of study enrollment, the overall 3-year EFS and OS were 44.8 ± 9.6% and 59.2 ± 9.2% (N ¼ 41). These results demonstrate that tandem transplantation in the cooperative group setting is feasible and support a randomized comparison of single vs tandem myeloablative consolidation with PBSC support for high-risk neuroblastoma.
INTRODUCTION
High-risk neuroblastoma remains among the most challenging of pediatric malignancies, with limited progress in clinical trials over the past three decades. 1 Pending development of more targeted approaches, one of the principal approaches to improve OS in this disease is intensification of cytotoxic therapies, and improvements in survival probabilities have been associated with increasing dose intensity. 2 While differing induction regimens have resulted in comparable disease response rates, use of myeloablative therapy in the consolidation phase of neuroblastoma treatment has improved outcomes in large phase III randomized studies. 3, 4 Based on improvements in EFS after myeloablative consolidation, single and limited institution clinical protocols have tested varying approaches to intensifying consolidation therapy. 5, 6 Among these approaches is the use of tandem transplantation using nonoverlapping myeloablative conditioning regimens. The largest of these studies was a multi-institutional phase II study, using both unprocessed and CD34-selected PBSC [7] [8] [9] as autologous stem cell support, and employing TBI in the conditioning for the second transplant. 10 This study enrolled 97 patients in four institutions and demonstrated a 3-year EFS of 55% from diagnosis. 11 While the EFS observed in this study was promising, the use of TBI in conditioning clearly results in an increased risk of treatment-related long-term side effects. 12 As a result, there was interest in designing a tandem transplant regimen without TBI that could be brought forward into a phase III cooperative group trial.
For the first consolidation regimen, the myeloablative combination of thiotepa and cytoxan was chosen as a non-overlapping regimen with carboplatin/etoposide phosphate (Etopophos)/ melphalan (CEM), which has been the effective standard of care for neuroblastoma transplant in the Children's Oncology Group (COG). 4 This regimen was selected as the first high-dose chemotherapy (HDC)/stem cell rescue (SCR) cycle because it was expected to have less toxicity than CEM based on POG 9640. 13 CEM was selected as the second regimen in order to facilitate the most straightforward evaluation of consolidation regimens in a subsequent single vs tandem transplant cooperative group trial.
PATIENTS AND METHODS

Patient selection and evaluation
Patients with high-risk neuroblastoma who had received no prior systemic therapy, or who had only received localized emergency radiation to sites of life-or function-threatening disease and/or no more than one cycle of chemotherapy for apparent intermediaterisk disease before determination of MYCN amplification and Shimada histology, were enrolled on this protocol through the COG. Newly diagnosed patients with high-risk neuroblastoma aged 30 years or under at initial diagnosis were eligible if they were: (1) 
Treatments
After diagnosis and enrollment on the COG biology protocol to determine MYCN, ploidy and Shimada histology status, patients consented and enrolled on this study underwent five cycles of induction therapy, summarized in Figure 1 . All patients underwent PBSC collection after recovery from Cycle 2, irrespective of interim BM evaluation results. Resection of the primary tumor, if not completed at diagnosis, occurred after completion of cycle 4 or 5 and before HDC with SCR. Criteria for proceeding to transplant included the absence of progressive disease, no uncontrolled infection, marrow involvement of o1% at the end of induction, and acceptable organ function. The conditioning regimens included thiotepa 900 mg/m 2 over 3 days and CY 6000 mg/m 2 over 4 days (HDC #1), and continuous infusions of carboplatin 1500 mg/m 2 and Etopophos (the etoposide phosphate (Etopophos) formulation was selected for this trial due to the high risk of infusional toxicity with myeloablative doses of etoposide) 1200 mg/m 2 over 4 days plus melphalan 180 mg/m 2 over 3 days (HDC #2) ( Figure 1 ). Patients were eligible to proceed to HDC/SCR #2 if they met organ criteria, had not experienced severe venoocclusive disease (grade 3 or higher) in HDC/SCR #1, had sufficient autologous stem cells available, had no evidence of progressive disease, had ANC recovery to 4750/mcL, platelets 420 000/mcL, and were within 56 days of the start of HDC/SCR cycle #1. The protocol recommended local radiotherapy (2100-2160 cGy) after recovery from HDC/SCR #2. At day 90 after the second HDC/SCR, patients received 13-cis-retinoic acid 160 mg/m 2 , 14 days on and 14 days off, for a total of 6 months. The protocol required adverse event reporting within 10 business days. Patients who were offprotocol therapy were followed until they met the criteria for offstudy (death, loss to follow-up, or entry into another COG therapeutic study).
Stem cell collection and processing PBSC underwent CD34-positive selection of hematopoietic stem and progenitor cells to achieve potential tumor cell purging, either using Isolex (Nexell Therapeutics, Irvine, CA, USA) or CliniMACS (Miltenyi Biotec, Auburn, CA, USA and Cambridge, MA, USA) devices according to the manufacturers' protocols and based on institutional availability. PBSC collection was undertaken with a goal of 20 Â 10 6 CD34 þ cells/kg before CD34 selection, with the intent that at least 2 Â 10 6 CD34 þ cells/kg would be available for each of the two planned HDC/SCR procedures. Before selection, an aliquot of 2 Â 10 6 CD34 þ cells/kg was cryopreserved as a backup stem cell product. CD34 selection causes substantial T cell depletion in addition to tumor cell purging and thus could slow immune recovery after autologous transplantation, potentially increasing the risk of serious viral infection after SCT. 15, 16 Therefore, we included a stopping rule for viral infections, detailed in the next section.
Statistical analysis and stopping rules
The primary questions of this study were feasibility and toxicity of a tandem transplant regimen with CD34 selection. EFS and OS were calculated using the method of Kaplan and Meier 17 with s.e. per Peto. 18 For EFS, time to event was calculated from the time of enrollment on the study until the first occurrence of relapse, progressive disease, secondary malignancy, or death, or until the time of last contact. For OS, time to event was calculated from the time of enrollment on the study until the time of death or until the time of last contact if the patient did not die. Survival estimates are expressed as the point estimate±the s.e.
The intent-to-treat analysis from the time of study enrollment provides results of the intent to deliver two transplants and thus includes poor responders, as well as those who survived to the second transplant. The 3-year point estimates of EFS and OS for patients who received at least one transplant (starting from the time of the first transplant) and for patients who received two transplants (starting from the time of the second transplant) have been presented to demonstrate that there does not appear to be a clinically meaningful drop-off or increase in survival in the subgroups who received one or two transplants relative to the group as a whole. Direct comparisons of the subgroups (that is, of patients who received one HDC/SCR cycle vs those who received two) are not appropriate due to selection bias. Survival analyses from time of enrollment were not performed for any subgroups of patients, and specifically not for the subgroup that received two transplants, due to potential attrition bias, in which patients who survived long enough to receive two transplants comprise a more selected cohort whose outcome may not be representative of the general population.
TRM was defined as death from any cause occurring within 30 days after either the first or second transplant. We monitored for an unfeasible/unsafe TRM rate significantly higher than 7.5% using the following early stopping rule: if three TRMs were observed within the first 17 patients who received HDC/SCR, then the trial would be stopped, and we would conclude that the regimen was unsafe. This rule has a significance level of 13.0%, power of 92.3% and a TRM rate under the alternative hypothesis of 30%. If the TRM early stopping rule was not met, then EFS would become the primary end point. A secondary EFS analysis was performed on the subset of patients who underwent at least one HDC/SCR.
Toxicities were graded according to the Common Toxicity Criteria for Adverse Events, version 2.0 (CTCAE-2.0; Cancer Therapy Evaluation Program, National Cancer Institute, Bethesda, MD, USA) and tabulated after the end of induction, between HDC/SCR #1 and #2, and after HDC/SCR #2. The proportion of patients with a CR, per metaiodobenzylguanidine scan, after HDC/SCR #2 was performed. CD34 selection was to be discontinued if a specific, severe viral syndrome (symptomatic CMV, disseminated adenovirus, or EBV lymphoproliferative disorder (EBV LPD)) occurred in one of the first 14 patients who received both HDC/SCR procedures supported by CD34-selected PBSC, or two incidents in the total cohort.
RESULTS
Patient characteristics
Forty-two patients were enrolled on trial, and 41 patients with highrisk neuroblastoma meeting eligibility requirements were treated according to this protocol (one patient was declared ineligible because of wrong diagnosis) ( Table 1 ). The majority of patients (38 of 41, or 93%) were enrolled within 4 weeks of diagnosis. However, one stage 3 patient was enrolled at 8 weeks; one stage 4 patient at 5 weeks; and one patient was initially stage 2a then progressed to stage 4 and was enrolled on ANBL00P1 at 41 weeks from the original neuroblastoma diagnosis. Median time from study enrollment to HDC/SCR #1 was 148 days (range: 115-197 days; N ¼ 33), from study enrollment to HDC/SCR #2 was 203 days (range: 157-267 days; N ¼ 26), and median time from first to second transplant was 52 days (range: 18-77 days; N ¼ 26). Median age at diagnosis was 35 months (range: 10 months to 20 years). There was one patient under 12 months, and five between 12 and 18 months old. Most patients were either white (59%) or black (24%), and there were more males (24) than females (17) . There was one patient with stage 2B and three with stage 3 disease, while the rest had stage 4 neuroblastoma. MYCN amplification was observed in 24% of tumors analyzed. Ploidy was fairly evenly divided between diploid (44%) and hyperdiploid (49%), and most patients had unfavorable Shimada histology (61%).
The stopping rule for serious viral illness was met with a case of EBV LPD, after the first 8 patients had received two CD34-selected HDC/SCRs, and the use of CD34-selected PBSC was discontinued in subsequent patients. In all, 13 patients received Isolexprocessed PBSC, one received CliniMACS-processed PBSC, and 27 were transplanted with unselected PBSC ( Table 1 ). The median number of CD34 þ cells/kg pre-processing was 10.15 Â 10 6 at collection episode 1, and 9.19 Â 10 6 at collection episode 2 (N ¼ 7). Data on post-processing cell counts were available for 10 patients with a median number of 5.1 Â 10 6 CD34 þ cells/kg.
A major feasibility end point of this protocol was the ability of patients to receive both cycles of HDC/SCR. Eighty percent (33 of 41) of patients received the first transplant, and 63% (26 of 41) received both transplants. Eight of the 41 patients (20%) did not undergo any transplant on study due to progressive disease (N ¼ 2), toxic death on study (N ¼ 1), transfer of care to another institution (N ¼ 1), decision to seek alternative therapy (N ¼ 2), more than 2% marrow disease before cycle 4 (N ¼ 1), and insurance issues (N ¼ 1). Of the 33 patients who received the first HDC/SCR, seven (21%) did not complete the second HDC/SCR due Tandem transplant for neuroblastoma AE Seif et al to progressive disease (N ¼ 1), decreased glomerular filtration rate resulting in ineligibility to proceed to HDC/SCR #2 (N ¼ 1), TRM (N ¼ 1), parental/physician choice (N ¼ 3), and back up stem cells used in first transplant (N ¼ 1). Twenty-four patients were reported to have received radiation therapy, although data are not available regarding compliance with protocol specifications.
Toxicity, feasibility of tandem HDC/SCR and immune recovery As expected, most patients experienced grade 3-4 hematologic toxicities and mucositis during both HDC/SCR cycles. In addition, documented neutropenic infections were reported in 24% of patients after HDC/SCR #1 and 35% after HDC/SCR ( Table 2) . Grade 3-4 hypokalemia was reported in nearly half of patients after receiving CEM. There were two TRMs out of a total of 59 HDC/SCR cycles (3.4%) with an overall transplant-related mortality for the study of 4.9%. One patient died of respiratory arrest associated with Gram-negative rod sepsis 5 days following the first transplant, while the second died of veno-occlusive diseaseassociated multi-organ failure 14 days after the second transplant. With two TRMs out of 33 patients who got at least one HDC/SCR, the study did not meet the stopping rule for TRM. Patients in the CD34-selected cohort had a significantly higher rate of catheterassociated infections in the induction period (P ¼ 0.04, Fisher's exact test), but in the post-HDC/SCR periods, there were no significant differences in toxicity between CD34-selected and unselected stem cell product cohorts.
Risk of relapse and survival analysis
At last patient contact, 21 of 41 (51%) patients in this study remain alive. Eighteen of 41 patients were alive and in remission at last Thirteen of 41 patients relapsed, of which two were alive at last contact. One of the relapses was inferred: the patient went into remission, received HDC/SCR #1, then came off protocol therapy due to parental preference. This patient was reported to have died of disease 2 years from enrollment without additional interval data. An additional six patients had disease progression, with one patient alive at last contact. Causes of death included disease (N ¼ 16), TRM (N ¼ 2), acute respiratory distress syndrome (N ¼ 1) after cycle 2 of induction chemotherapy, and multi-organ failure (N ¼ 1) nearly 1 year after second transplant. The median follow-up time for patients not experiencing an event was 3.2 years (range: 0.3-6.3 years). The overall 1-year EFS was 75.1 ± 6.8%, significantly higher than the 30% cutoff for feasibility (Po0.0001). The 3-year EFS and OS for the entire cohort were 44.8±9.6% and 59.2±9.2%, respectively (Figure 2 ). Among the 33 patients who received at least one transplant, 14 were alive and relapse-free at last contact. In patients who received at least one transplant, EFS at 3 years from first transplant was 39.8±12.6%, and OS was 49.8±12.5%. Four of the eight patients who did not receive at least one transplant on protocol have died. For patients receiving two transplants, the 3-year EFS from the time of second transplant was 46.2±16.9%, and OS was 50.2±15.8%.
DISCUSSION
Despite recent advances in therapy, high-risk neuroblastoma remains a diagnosis with very poor prognosis. The current mainstay of therapy is a dose-intensive chemotherapy induction, followed by surgery (if not performed upfront), consolidation with HDC/SRC and local irradiation, and maintenance control of minimal residual disease with biologic therapies such as 13-cisretinoic acid and immunotherapy directed against neuroblastoma surface Ag (ch14.18 plus adjuvant cytokines). 19 Past studies demonstrated improved efficacy with tandem transplantation over a single HDC/SCR consolidation cycle; 6,10,11 however, the significant late effects of the TBI-containing regimens used 12, 20 prompted COG investigators to evaluate non-TBI-containing regimens in a limited-institution feasibility and safety trial. Retrospective analyses suggest no consistent differences in OS in TBI-and non-TBI-containing HDC/SCR regimens. [20] [21] [22] In addition to its feasibility and safety in a previous study (Pediatric Oncology Group (POG) 9640), 13 thiotepa has good central nervous system penetration, which may be important given recent data suggesting an increased risk of central nervous system recurrence in some neuroblastoma patients; 23 however, the present study was neither powered nor designed to measure central nervous system-specific relapse rates, especially as head CTs were not in routine use for recurrence surveillance or staging at that time. The present study confirms the feasibility findings of Granger et al. 13 , and adds important data regarding the decreased safety of CD34 selection in this patient population; whereas, the POG trial used only unmanipulated peripheral stem cells. In addition, from a therapeutic development standpoint, while both studies demonstrated feasibility of tandem transplantation in children with high-risk neuroblastoma, the present manuscript demonstrates the feasibility of the exact HDC/SCR regimens subsequently used as the experimental arm of COG ANBL0532. The tandem regimen used in the POG study was not subsequently tested in this way.
Our study showed that tandem HDC/SCR with non-overlapping, non-TBI-containing, myeloablative regimens is feasible and tolerable in pediatric patients with high-risk neuroblastoma. Most patients (80%) went on to receive HDC/SCR, and 79% of patients who underwent a first HDC/SCR went on to receive a second transplant, comparable to previous trials. 10, 13 With the exception of one patient who required an additional stem cell rescue using the backup PBSCs following the first HDC/SCR, stem cell collection was not a limiting factor for proceeding to HDC/SCR, consistent with the feasibility of collecting stem cells from chemotherapytreated patients in prior studies. 10, 24 Toxicities were as expected for the planned intensity of therapy, and TRM was below the predetermined safety threshold. Additional issues potentially impacting feasibility for individual patients included one patient requiring the stem cells banked for HDC/SCR #2 in order to engraft following the first cycle and a second patient experiencing toxicity preventing HDC/SCR #2 based on organ criteria. Expected grade 3-4 toxicities included hematopoietic suppression and mucositis, noted in a majority of patients in both the first and second HDC/ SCR cycles and irrespective of CD34 selection. Neutropenic infection rates were consistent with previously reported studies. 3, 15, 22, 25 This study did not measure time to neutrophil engraftment; however, previous studies have demonstrated engraftment by day 11-12 without significant differences between CD34-selected vs unselected nor between HDC/SCR #1 vs #2. 10, 13 There was one death due to sepsis following the first transplant, and one patient out of 26 who received a second HDC/ SCR died of veno-occlusive disease after the CEM cycle. The issue of veno-occlusive disease in the setting of a second myeloablative transplant procedure within 8 weeks of the first was a particular feasibility concern, but these results are not suggestive of increased risk of this complication.
CD34 selection was associated with a case of EBV LPD, triggering the stopping rule and necessitating subsequent HDC/SCR to be performed with unselected PBSC. While CD34 selection offers the potential advantage of purging circulating tumor cells by positively selecting CD34 þ hematopoietic stem and progenitor cells, 7 COG phase III data from the A3973 trial show no advantage in EFS or OS with a purged vs an unpurged PBSC product. 26, 27 EBV LPD has previously been reported by our group in patients receiving CD34-selected PBSC following HDC for neuroblastoma. 16 In addition, 21% of patients receiving CD34selected autografts in a recent French series had varicella reactivation. 15 EBV LPD is an uncommon sequela of autologous transplant, 28 although it has been reported. 29, 30 This is generally a complication most often seen after allogeneic transplant, usually in the setting of some degree of T cell depletion. Data differ as to whether CD34 selection (and the accompanying T cell depletion) delays immune recovery after autologous PBSC transplant, 31, 32 but our experience in this trial and our prior tandem SCT experience 16 suggests that some combination of intensive therapy and a highly T cell depleted autologous graft can exceed a threshold of immunosuppression where significant viral infection/reactivation may occur. Given the potentially delayed immune recovery following CD34 selection, and with neuroblastoma-purging strategies not having demonstrated improvement in EFS, 26 unmodified autologous PBSC are the current COG standard. Figure 2 . EFS and OS for 41 patients with high-risk neuroblastoma on COG study ANBL00P1. The number at risk for an event at the start of years 2 and 4 are given along the curves.
